Secreted and membrane proteins play critical roles in myocardial health and disease. Studies in non-myocytes have shown that the peri-nuclear ER is the site for synthesis, folding, and quality control of most secreted and membrane proteins, as well as a nexus of a signal transduction system, called the ER stress response, which informs the cell about the status of ER protein folding. Moreover, the dynamic physical and functional association of the ER with mitochondria is a key site responsible for integrating ER function and mitochondrial metabolism, but is only just beginning to be understood in the myocardium. Although a great deal is known about roles played by the sarcoplasmic reticulum (SR) in contractile calcium handling in the heart, little is known about the relative locations and functions of the peri-nuclear ER and the SR in terms of secreted and membrane protein synthesis and folding. In this review we will explore the current state of knowledge of the location of secreted and membrane protein synthesis, folding, and quality control machinery in cardiac myocytes, as well as our understanding of the functional consequences of ER stress and the unfolded protein response in the heart in terms of protein synthesis, cell growth, and metabolic regulation. This article is part of a Special Issue entitled "Focus on Cardiac Metabolism".
cytoplasm, where it regulates myocyte contraction [7, 8] . However, the relative locations, protein synthetic functions, and protein expression profiles of the ER and the SR in cardiac myocytes are unclear [9, 10] . Some evidence suggests that the ER and, thus, the site for secreted and membrane protein synthesis in cardiac myocytes is in a peri-nuclear network that is contiguous with the nuclear envelop (Figs. 1C and D), while other evidence suggests that protein synthesis may also take place in the SR [11] [12] [13] [14] . This latter concept is supported by findings that at least part of the SR is physically contiguous with the peri-nuclear ER (Fig. 1E) , as shown by studies demonstrating that calcium can diffuse freely between the two membrane systems [15] .
Secreted and membrane proteins made in the heart have important functions in the heart, as well as in other locations [4] . Since the folding and synthesis of secreted and membrane proteins can be impaired during some cardiac pathologies, there is heightened interest among cardiovascular researchers in the unfolded protein response (UPR), sometimes called the ER stress response [16] . This interest has driven studies aimed at delineating the location of the ER in cardiac myocytes [16] . Electron microscopy has been used extensively to examine the ultrastructure of cardiac myocytes. While this technique may be useful for assessing some aspects of myocyte structure, the location and extent of the ER in cardiac myocytes have been difficult to determine by electron microscopy due to technical limitations [17] . Moreover, while confocal immunocytofluorescent microscopy has thus far played a major role in localizing many SR proteins that are associated with excitation-contraction coupling, it has been used in only a few studies to localize proteins associated with ER protein synthesis, folding, and quality control in myocytes. Such studies have shown that proteins involved in ER protein synthesis, folding, and quality control can be found in peri-nuclear regions of cardiac myocytes, as well as in peripheral areas, where they adopt an SR-like pattern [11] [12] [13] [14] 18, 19] . However, additional studies are required to settle fundamental questions about whether the SR serves as a site of protein synthesis, and if not, whether the separate network of membranes around the nucleus in cardiac myocytes is sufficient to fulfill the needs of cardiac myocytes to synthesize secreted and membrane proteins. But since it is clear that most secreted and membrane proteins must be synthesized within a network of cellular membranes, the definition of which, in cardiac myocytes, is a topic of ongoing investigation, for the purposes of this review, we will refer to the network in which protein synthesis and folding take place as the ER, and to the unfolded protein response emanating from the ER, as the ER stress response.
The ER stress response
Nearly all proteins must be folded into functional configurations [20] . The folding of proteins synthesized in the ER takes place co-and post-translationally, and involves a complex cast of characters that reside in the ER, which constitute the ER protein synthesis, folding, and quality control machinery [21, 22] . An important function of this machinery is sensing the status of ER protein folding by detecting slight changes in the levels of unfolded proteins, and then communicating a status report proactively to the other parts of the cell that respond by adjusting the capacity of the system, thus homeostatically balancing the protein folding demand with the capacity of the protein folding machinery [23] . Drastic changes in the status of protein folding that threaten this homeostatic mechanism initiate a more reactive version of this response, which is sometimes called the ER stress response [10, [24] [25] [26] [27] .
The ER stress response can be activated by conditions that alter the ER environment in ways that impair nascent ER protein glycosylation, disulfide bond formation, or calcium levels; such conditions are often observed in the ischemic, hypertrophic, and failing heart [13, 28, 29] ( Fig. 2A ). Three ER-transmembrane signaling proteins are major proximal sensors of unfolded proteins in the ER: PERK (protein kinase RNA-like ER kinase) [30, 31] , IRE-1 (inositol-requiring protein-1) [32] [33] [34] [35] , and ATF6 (activating transcription factor 6) [36] [37] [38] (Figs. 2B-D). When activated by misfolded proteins in the ER, these sensors facilitate the activation of the transcription factors, ATF4, XBP1, and ATF6 (Figs. 2E-G), which mediate the induction of ER stress response genes that encode ER-targeted chaperones, calcium-binding proteins, and disulfide isomerases, as well as many proteins targeted to other cellular locations. Together, these proteins enhance nascent ER protein folding. ER stress also suppresses most protein synthesis, while selectively increasing translation of selected mRNAs, most of which encode ER stress response genes ( Fig. 2H) [39] . This selective translational repression is thought to conserve energy and reduce demands on the ER protein folding machinery [22] . ER stress also augments the ER-associated protein degradation system (ERAD), leading to proteasome-mediated degradation of terminally misfolded ER proteins, which helps relieve ER stress Fig. 1 . Sarco/endoplasmic reticulum network in a cardiac myocyte: shown is a diagram of a cardiac myocyte depicting the relationships between the region of the SR near the t-tubule, junctional SR, the longitudinal SR (A), transverse, or t-tubules (B), the peri-nuclear ER (C) and nuclear envelope (D), and a depiction of SR that is contiguous with the nuclear envelope (E) The t-tubules are invaginations of the sarcolemma that reside over the Z-line of the sarcomeres. Also shown are the actin and myosin that comprise major portions of myofilaments, as well as the M-and Z-line regions of the sarcomeres. The nuclear envelope and peri-nuclear ER are contiguous, and constitute a location for secreted and membrane protein synthesis, as well as calcium storage and release. The hypothetical localization of secreted and membrane protein synthesis to only the nuclear envelope and peri-nuclear ER, depicted in red, and not to the SR, depicted in blue, is shown on the left of the diagram. The hypothetical localization of secreted and membrane protein synthesis to the nuclear envelope, peri-nuclear ER and the SR, depicted as a contiguous membranous system, shaded purple, is shown on the right of the diagram.
( Fig. 2I ) [40] . Furthermore, under some conditions ER stress activates autophagy [41] [42] [43] , an energy-conserving, catabolic process that can promote cell survival [44] . Together, under homeostatic conditions, these aspects of the ER stress response match ER protein folding capacity with demand, which is adaptive ( Fig. 2J ). However, if these aspects of the ER stress response are not sufficient to meet the demand, other ER stress signaling processes guide the cell toward apoptotic cell death, which converts the ER stress response to a maladaptive process Fig. 2 . ER stress response signaling: shown is a diagram of the rough ER with attached ribosomes translating mRNAs that encode ER luminal proteins. Conditions that impair the folding of nascent ER proteins, which include ischemia, hypertrophy and heart failure, can result in ER stress (A). Under non-stressed conditions, the ER-luminal chaperone, glucose-regulated protein 78 kDa (GRP78) associates with the luminal domains of the 3 proximal effectors of ER stress, PERK (B), IRE-1 (C) and ATF6 (D). Upon ER stress, GRP78 relocates from the luminal domains of these proteins to misfolded proteins and either facilitates their folding, or escorts them to the degradation machinery. The disassociation of GRP78 from PERK, IRE-1 allows their oligomerization, which fosters trans-phosphorylation and activation of these effectors. In the case of ATF6, dissociation of GRP78 allows ATF6 to relocate to the Golgi, where it is cleaved by site 1 and site 2 proteases which reside in the Golgi. The resulting N-terminal fragment is liberated from the Golgi (G), translocates to the nucleus, and binds to ER stress response elements in ER stress response (ERSR) genes, and regulates their transcription. Activated PERK (C) phosphorylates eIF2α, which fosters transient global translational repression (H) and the translation of the ATF4 mRNA from an alternate start site to generate active ATF4 using an alternate open reading frame (ORF) (E). Activated IRE-1 splices the unspliced form of XBP1 mRNA (XBP1u mRNA) to generate a splice variant form (XBP1s mRNA) which encodes the active transcription factor, XBP1 (F). Like ATF6, XBP1 and ATF6 translocate to the nucleus, and bind to various types of regulator elements in ERSRs to regulate their expression. Depending on the strength and duration of the ER stress, ERSR proteins can foster enhanced ER protein folding capacity, as well as energy conservation, which is sometimes called the adaptive ER stress response, which supports cell survival (J), or ER stress response proteins can lead to cell death, which is sometimes called the maladaptive ER stress response (K).
( Fig. 2K) [45] . Thus, depending on its strength and duration, ER stress can be survival-, or death-oriented [21] .
The ER stress response in the heart
Interest in the ER stress response in the heart was spawned partly by the realization that myocardial ischemia and cardiac hypertrophy might alter the ER in cardiac myocytes in ways that would be predicted to impair protein folding in this organelle [13, 46, 47] . Accordingly, studies were carried out to examine the conditions under which ER stress is activated in cardiac myocytes in culture or in vivo. For example, ER calcium depletion induces SERCA2 gene expression in cultured neonatal cardiac myocytes [48] . In addition to pharmacological inhibitors of protein glycosylation and compounds that alter ER redox status, ER stress is also activated in cultured cardiac myocytes by maneuvers that mimic pathology, such as simulated ischemia [13, 49] . Moreover, ER stress is activated in border zone cardiac myocytes in the infarcted mouse heart, in vivo, [13] , in the hearts of mice subjected to pressure overload [47] , and in a genetic model of heart failure [50] .
Once it was apparent that ER stress was activated in cardiac myocytes under various pathological states, studies were undertaken to examine the functional effects of ER stress in the heart. For example, several studies have shown that in cultured cardiac myocytes, and in mouse heart, in vivo, the ATF6 branch of the ER stress response appears to be adaptive [11, 13, 28, 51] . Transgenic mouse models of ATF6 gain- [51] and loss-of-function [52] have demonstrated that ATF6 is cardioprotective, in vivo. Thrombospondin4 has been shown to be cardioprotective, in part because it is required for ATF6 activation in cardiac myocytes, in vivo [53] . A microarray study showed that in the mouse myocardium, ATF6 induces hundreds of genes encoding numerous ER-targeted chaperones, protein disulfide isomerases, calcium binding proteins, and other proteins, some of which are targeted to the cytosol [11] , as well as changes in the levels of key microRNAs [54] . Although most of these studies support adaptive, protective roles for the ATF6 and XBP1 branches of the ER stress response in the heart, other studies have shown maladaptive effects of ER stress activation in myocardial pathologies (reviewed in a series [55] ). For example, β-adrenergic receptor activation has been shown to activate ER stress-mediated apoptosis in cultured cardiac myocytes [56, 57] , and δPKC-mediated myocardial damage was shown to be mediated, partly by its effects on activating ER stress [58] . Pressure overload is thought to activate ER stress-mediated apoptosis in the mouse myocardium [47] , and ER stress was shown to contribute to ischemia-induced apoptosis in cultured cardiac myocytes [59] .
The ER as a nexus for metabolic signaling and cell growth
In addition to ER stress-mediated activation of the canonical unfolded protein response, the ER, which accounts for more than 50% of cellular membrane [1] , serves as a focal point of signaling processes, many of which are oriented toward regulating metabolic signaling and cellular growth.
Regulation of metabolic signaling by the ER
While there exists an extensive history of studies devoted to examining protein synthesis and quality control in the ER, as well as roles for the ER in regulated calcium release, only recently has it become apparent that the ER plays a regulatory role in cellular metabolism [60] . Indeed, under conditions of increased ER protein and lipid synthesis, which are ATP-utilizing processes, it is reasonable to assume that metabolic pathways responsible for ATP synthesis must be sufficient to meet the increased energy demands. On the other hand, under conditions of decreased protein and lipid synthesis, such as those resulting from the ER stress response, changes in metabolic pathways decrease energy expenditure accordingly. For example, activation of ATF6 specifically in the heart downregulated 35 of 45 genes in the "fatty acid" and "glucose metabolism" Gene Ontology categories, suggesting that ATF6 activation affects the transcriptome in ways that modulate metabolism. In part, ER-mediated regulation of energy metabolism is the result of a direct interaction between mitochondria and the ER. There exists an intricate multi-organelle signaling process that involves calcium transfer between the ER and mitochondria [61] [62] [63] [64] , which is facilitated by a physical association of the two organelles in a structure known as the mitochondria-associated ER membrane, or MAM [65] . Only a small portion of the outer mitochondrial membrane is ER-associated [64] , suggesting that a relatively small proportion of ER-derived calcium is transferred to mitochondria. Nevertheless, this direct calcium transfer serves as a mechanism by which mitochondria can sense and respond to conditions in the ER that require adjustments in metabolism [60, 66] .
Calcium is released from the ER through the ryanodine and IP3 receptors (RyR; IP3R) [67] . A portion of ER-derived calcium enters a microdomain of the cytosol that is in direct juxtaposition with mitochondria. This positioning, which is the result of physical tethering of the two organelles, involves the binding of the cytosolic chaperone, GRP75, to the ER-associated IP3 receptor and mitochondrial-associated voltagedependent ion selective channel (VDAC) [66] . Studies using non-cardiac myocyte cells established that the ER/mitochondrial tethering also involves the mitochondrial and ER transmembrane GTPase, mitofusin 2 [68] . Thus, calcium released from the RyR or IP3R enters the ER/mitochondrial space, passes through voltage-dependent ion selective channel (VDAC) in the outer mitochondrial membrane, and then through the mitochondrial calcium uniporter (MCU) located in the inner mitochondrial membrane [69] . In the mitochondrial matrix, calcium influences the activities of the Krebs cycle enzymes, α-ketogluarate, pyruvate, and isocitrate dehydrogenases, in ways that increase mitochondrial ATP production [70] . During certain ER stress conditions, calcium release from the ER and, thus, calcium entry into mitochondria is increased, which enhances ATP production and, in so doing, provides a metabolic response that can support adaptive, ATP-requiring aspects of the ER stress response [65] .
A physical connection between the ER and mitochondria has recently been established in cardiac myocytes [71] . The functional consequences of physical interactions of the ER with mitochondria in the heart have been examined in several papers that employed targeted disruption of the mitofusin 2 gene in mice [72, 73] . Taken together, these studies provide evidence that in cardiac myocytes, calcium transfer from the ER into mitochondria can regulate mitochondrial metabolic function in the mouse heart, in vivo. An additional example of how changes in the ER environment could affect metabolic function is the recent finding that mitofusin 2 is an ER stress-inducible protein [74] , suggesting that ER stress can enhance the extent of ER/mitochondrial tethering. This is somewhat expected, since increased demands for ER protein synthesis and folding can lead to expansion of the ER and increases in membrane lipid synthesis, both of which are ATP-requiring.
In the heart, one pathological condition that increases ER stress, and may therefore affect calcium transport from the ER to mitochondria, is ischemia [13, 28] . Under these conditions, decreased mitochondrial ATP production, impairs ER protein folding, partly by depleting ER calcium. Decreased ER calcium activates proximal sensors of ER stress, because ER chaperones require calcium to fold nascent proteins [1] . A study that investigated the effects of simulated ischemia on endothelial cell injury found that the main pathway of the simulated ischemiainduced apoptosis consisted of the calcium leak from the ER, followed by activation of caspase-12 and caspase-3 [75] . Thus, changes in cellular and ER calcium dynamics have global effects on cellular viability, which could involve signals that arise from a calcium-depleted ER.
Abnormal calcium cycling is known to cause arrhythmia, especially in the setting of transient cardiac ischemia followed by reperfusion. In isolated beating mouse heart, 3 min of ischemia increases diastolic and systolic calcium with a decrease in calcium transient amplitude [76] and increased decay time constant of calcium transient, consistent with inhibition of SR calcium release and re-uptake due to ischemia and acidosis. At the onset of reperfusion, calcium overload is thought to be further exacerbated by uncontrolled influx from the extracellular space [77, 78] . A slight but consistent transient increase in diastolic calcium occurs when the amplitude of the calcium transient is decreased. This increase in calcium may have important functional consequences. Interestingly, Valverde et al. have shown in intact beating hearts that SR calcium release contributes to the transient cytosolic increase of calcium at the onset of reperfusion [76] . This is particularly important in light of interactions between mitochondria and the SR, and could be a potential cause of ER stress during ischemia/reperfusion.
ER protein synthesis and cell growth
Among the basic principles of protein synthesis is the concept that translation of proteins bound for secretion and membrane proteins occurs on ER-associated ribosomes, while all other proteins are made on free ribosomes. However, puzzling observations from studies carried out using microarray approaches to identify mRNAs associated with free and ER ribosomes challenged this principle by finding that some mRNAs that encode cytosolic proteins were found on the ER [79] . A more recent study used cell fractionation and ribosome profiling to sequence all mRNAs associated with cytosolic and ribosomes [80] . In that study, it was found that, in addition to secreted and membrane proteins, ER-associated ribosomes were also engaged in translating mRNAs that encode proteins targeted to other cellular locations. Moreover, it was found that ER-associated ribosomes were more efficient at translating mRNAs. These findings not only expand the scope of protein synthesis on the ER to include the translation of nearly all cytosolic, secreted, and membrane proteins, they redefine the importance of signal transduction systems that monitor the quantity and quality of protein synthesis in the ER as regulators of the proteome under growth-promoting as well as growth-limiting conditions.
Under growth-limiting conditions many aspects of the ER stress response program the cell to conserve. As such, the adaptive ER stress response detects potential proteotoxicity due to misfolded proteins, and rebalances the proteome by decreasing overall cellular protein synthesis, and focusing cellular resources on synthesizing essential proteins [23] . Thus, stress signaling from the ER in response to misfolded proteins is predicted to shift metabolism toward maintaining essential cellular functions and modulating cellular growth. Consistent with this prediction are the results of a microarray study that characterized changes in the transcriptome in mouse hearts upon activation of the ATF6 branch of the ER stress response, which is considered to be adaptive [11] . In terms of growth and metabolism, many growthpromoting genes were downregulated, while genes related to metabolic conservation were upregulated. Thus, one way in which ATF6 is adaptive is that it reprograms cardiac myocytes in ways designed to conserve energy and limit growth.
Under growth-promoting conditions the mammalian target of rapamycin (mTOR) signaling pathway is a nodal sensor of cellular protein synthesis and, thus, a central regulator of cell growth and metabolism [81] . The effects of mTOR signaling in the myocardium have been well studied and shown to be protective and growth promoting [82] [83] [84] . Accordingly, it seems reasonable to assume that cross-talk between ER stress and mTOR signaling might contribute to balancing the proteome with nutritional availability and cellular growth requirements. Generally, mTOR is activated by conditions that are favorable for growth, which makes it an anabolic pathway [81] . On the other hand, ER stress is usually activated by conditions that do not favor growth, which, for the most part, makes it an energy conserving, catabolic pathway [21, 22, 39] . In keeping with their opposing effects on metabolism, although not well established in the heart, many studies of ER stress and mTOR cross-talk in other cell types have shown that the two pathways are often activated in opposition [85] . For example, ER stress is activated by hypoxia or nutrient starvation, while mTOR is inhibited under these conditions [85] . However, the reciprocal activity status of ER stress and mTOR signaling is not always observed, and in some cases, ER stress and mTOR are co-activated [85] . Thus, while there exists cross-talk between ER stress and mTOR signaling, the effect of the cross-talk is apparently conditional, and the molecular mechanisms, as well as the functional consequences of the cross-talk are not well understood.
In addition to being regulated by growth-promoting conditions, the magnitude and effects of mTOR signaling are also dependent on the location of mTOR signaling components. For example, activation of mTOR complex 1, or mTORC1, by the small GTP binding protein, Rheb, occurs on the cytosolic surface of lysosomes, where mTOR signaling is integrated with the availability of amino acids from lysosome-mediated proteolysis [86] . Also, recent studies have shown that mTOR binds to ribosomes [87] and localizes to the ER [88, 89] , and that disruption of this localization reduces the anabolic effects of mTOR on protein synthesis [90] . Thus, it is possible that the effects of ER stress and mTOR signaling on each other are not only dependent on the nature of the cellular growth activator or inhibitor, but also on the subcellular localization of signaling complexes. Moreover, it is feasible that the localization of mTOR components to the ER may provide an important spatial dimension to the cross-talk between the ER and mTOR signaling pathways.
Therapeutic potential of targeting ER stress signaling in the heart
The relatively recent advances in our understanding of ER stress signaling in the heart have provided an important foundation that is required to evaluate the therapeutic potential of this complex signaling pathway in treating heart disease. With the understanding that some aspects of ER stress are adaptive, while others are maladaptive, has come the realization that broadly activating or inactivating ER stress signaling is not likely to be a fruitful therapeutic approach. Instead, selectively affecting the activities of specific aspects of ER stress signaling, such as enhancing adaptive ER stress is required to achieve the desired effect. An examination of the changes in gene expression exerted by ATF6 in the heart indicates that ATF6 upregulates many protective genes and downregulates numerous potentially damaging genes [11] . Thus, selectively activating the ATF6 branch of the ER stress response is predicted to be adaptive. In support of this hypothesis are studies that have shown that activating ATF6 in cardiac myocytes protects the heart from ischemic damage, as well as dysfunction resulting from overload hypertrophy, while inhibiting ATF6 has the opposite effects [51] [52] [53] . Moreover, other studies in which genes that lie downstream of ATF6, such as GRP94, GRP78, Derlin-3, PDI, PDIA6, RCAN1, and MANF are expressed in cardiac myocytes, show that they protect the heart from against ischemic damage [11, [91] [92] [93] [94] [95] [96] . Additionally, the use of chemical chaperones which mimic the effects of upregulating ERtargeted chaperones during adaptive ER stress, are also effective in improving functional outcomes in animal models of cardiac pathology [97] . Presumably, inhibiting the maladaptive aspects of ER stress signaling would also be expected to be a fruitful therapeutic approach. In support of this approach is a study in which targeted deletion of the gene encoding the maladaptive ER stress-inducible protein, PUMA, improves cardiac function in mouse model of myocardial ischemia [98] . While studies such as these showcase the therapeutic potential of altering ER stress signaling pathways as a means to treating ischemic and hypertrophic heart diseases, they also demonstrate that strategies targeting specific aspects of ER stress will probably be required in order to develop viable treatments.
Conclusions
Protein synthesis is the major regulator of cell growth, which is a critical parameter of cardiac myocyte function in the healthy and diseased heart. The ER serves as the site for most secreted and membrane protein synthesis, as well as the synthesis of many other proteins, even those that are targeted to other locations. Thus, the ER is a major integration site of cell growth signaling. In cardiac myocytes, the ER membrane network is potentially more expansive than many other cell types, due to the role played by the SR in contractile calcium handling. The potential overlap in function between the SR and the ER in terms of protein synthesis and folding, as well as ER stress and mTOR signal transduction, suggests that the SR and ER membrane system is a macro-organelle that plays critical roles in cardiac myocyte contraction, growth, and metabolism, all of which are dominant contributors to myocardial function.
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